Human pluripotent stem cells (hPSC), including human embryonic stem cells (hESC) and human induced pluripotent stem cells (hiPSC), hold great potential for regenerative medicine[@b1][@b2]. Large-scale hPSC expansion in an undifferentiated state without any pathogen contamination is mandatory for integrating hPSC into the therapeutic applications, which is challenged by current methods. To date, xenogeneic or allogeneic biological substrates are widely used to support hPSC maintenance in an undifferentiated state[@b1][@b3][@b4][@b5][@b6][@b7][@b8][@b9]. Meanwhile, xenogeneic substrates including mouse embryonic fibroblast (MEF) feeders[@b1], or Matrigel and extracellular matrix (ECM) isolated from mouse sarcoma[@b3][@b5][@b7] must be avoided for generating clinical-grade hPSC due to the risk of xenogeneic contamination[@b10][@b11][@b12]. To address this issue, feeder-dependent or feeder-free culture methods under xeno-free condition have been developed by employing allogeneic substrates such as human fibroblast feeder cells[@b4][@b9] or purified human ECMs (collagen, fibronectin, laminin or vitronectin)[@b6][@b8][@b13] respectively. The allogeneic substrates in a combination with chemically defined xeno-free culture medium can avoid xenogeneic contamination. However, it would be subject to human viral or non-viral contamination to the recipient, which is undesirable for the therapeutic application[@b12]. In addition, laborious preparation procedure, high manufacture cost and batch-to-batch variability are the drawbacks of allogeneic materials for large-scale hPSC expansion[@b3][@b6][@b12]. Thus, utilization of biological substrates may not be suitable for generating clinical-grade hPSC.

To exclude the pathogen contamination, synthetic materials have been developed as an alternative for biological substrates due to the advantages in surface modifiability and defined composition[@b3][@b7][@b14][@b15]. Nevertheless, as some of the synthetic materials require ECM derived synthetic peptides to promote cell adhesion, they are unable to be reused due to the biodegradability of the synthetic peptides[@b3], and the cost for synthesizing the peptides is high[@b3][@b16]. Graphene is a synthetic carbon-based nanomaterial structured in a two-dimensional monolayer sheet of honeycomb lattice with unique mechanochemical properties[@b17][@b18]. Previous studies have demonstrated differentiation of hESC to cardiomyocytes, and neural stem cells to neurons or oligodendrocytes on graphene layers, thereby demonstrating the biocompatibility of graphene as a stem cell culture substrate[@b19][@b20][@b21][@b22]. Meanwhile, a number of studies have reported unsuccessful cases of hPSC maintenance on conventional chemical vapor deposition (CVD) graphene without additional ECM coating, possibly due to its intrinsic hydrophobicity[@b23][@b24]. Critically, ECM-coated CVD graphene may bring pathogen contamination risk. Therefore, we sought to apply our diffusion assisted synthesis (DAS)-grown nanocrystalline graphene (NG) for hPSC culture since DAS-NG possesses topological features suitable for cell adhesion such as intrinsic nanoroughness, oxygen containing functional groups and hydrophilicity[@b25]. Moreover, DAS method allows to synthesize the NG directly onto the desired substrate at near room temperature at large-scale without a transfer process, thereby simplifying the manufacture procedure[@b25].

Here, we successfully established feeder-free and xeno-free culture system for long-term maintenance of hPSC in an undifferentiated state through employing DAS-NG. This is the first report of hPSC maintenance on synthetic graphene surface without ECM coating, which allows the generation of clinical-grade hPSC at large-scale on a pathogen free culture platform.

Results
=======

Preparation and characterization of DAS-NG coated culture substrates
--------------------------------------------------------------------

Graphene typically has flat surface and hydrophobic nature, which requires either oxidation process or extracellular matrix (ECM) coating to allow focal adhesion of human pluripotent stem cell (hPSC). To modify the surface morphology and enhance the hydrophilicity of graphene for hPSC cultivation, we employed diffusion-assisted synthesis (DAS) method to grow nanocrystalline graphene (NG). We coated DAS-grown NG (DAS-NG) directly onto glass (GL), indium-tin-oxide (ITO) and quartz (QU) plates at 260 °C for 60 minutes to examine adhesiveness and transparency of DAS-NG on various culture plates ([Fig. 1a](#f1){ref-type="fig"}). Briefly, polycrystalline nickel (Ni) films were deposited onto the plates at room temperature, and the carbon (C) atoms dissociated from graphite powder were diffused through the grain boundaries (GBs) of Ni during the DAS process[@b25]. Upon reaching the Ni-substrate interface, C atoms precipitate out as graphene at the GBs and growth occurs via lateral diffusion along the interface. Therefore, the resulting films contained uniform naturally-formed multilayer regions at GBs, referred to as graphene ridges, and the density of graphene ridges can be increased by decreasing the average grain size of graphene in the DAS process. We confirmed tightly adhered graphene layers on GL (DAS/GL), ITO (DAS/ITO) and QU (DAS/QU) plates by optical microscopy ([Fig. 1b](#f1){ref-type="fig"}). The resulting DAS-NG layers coated on plates showed \~90.4 ± 4.04% transmittance at 550 nm, suitable for optical imaging ([Fig. 1c](#f1){ref-type="fig"}). We measured surface roughness of DAS-NG to find applicability of DAS-NG for cell culture through atomic force microscopy (AFM) imaging. AFM images revealed three dimensional (3D) surface topography of DAS-NG layers with neighboring multilayered graphene ridges ([Fig. 1d](#f1){ref-type="fig"} and [Fig. S1a,b](#S1){ref-type="supplementary-material"}) contrast to monolayer flat surface of chemical vapor diffusion (CVD) graphene ([Fig. 1e](#f1){ref-type="fig"}). However, surface morphology of DAS-NG layer on ITO was hard to distinguish due to intrinsic roughness of underlying ITO plate (Rq \~ 2.6 nm) ([Fig. S1a](#S1){ref-type="supplementary-material"}). Root-mean-square roughness (Rq) measured by AFM showed that DAS/GL (2.2 ± 0.35 nm) was 4 times higher than those of CVD coated GL (CVD/GL) (0.65 ± 0.1 nm) and bare GL substrate (0.5 ± 0.05 nm), which indicates the presence of graphene ridges on DAS-NG layers ([Fig. 1f](#f1){ref-type="fig"} and [Fig. S1c](#S1){ref-type="supplementary-material"}). All of DAS-NG yielded surface layers of 4.1 ± 1.4 nm and graphene ridges of 8.9 ± 3.2 nm, respectively. Raman structure of DAS-NG layers has the following characteristics; two peaks centered at \~1,350 cm^−1^ (the D band) and at \~1,590 cm^−1^ (the G band) with a relatively large full width at half maximum and an *I*~*D*~*/I*~*G*~ ratio of \~1.0 ± 0.2, which is typical for NG[@b25] ([Fig. 1g](#f1){ref-type="fig"} and [Fig. S1d](#S1){ref-type="supplementary-material"}). Next, we examined surface hydrophilicity of DAS-NG layers through measuring water contact angles. DAS/GL exhibited a relatively lower contact angle (26 ± 8°) ([Fig. 1h,j](#f1){ref-type="fig"}) than CVD graphene (60 ± 8°) ([Fig. 1i,j](#f1){ref-type="fig"}) or bare GL (40 ± 5°) ([Fig. 1j](#f1){ref-type="fig"}), suggesting the attachment of foreign species onto the surface of the DAS-NG, which enhanced hydrophilicity of DAS-NG. We further investigated the presence of foreign chemical species on the surface of DAS-NG using Fourier transform-infrared (FT-IR) spectroscopy. We constantly found various vibration modes of oxygen-containing functional groups on the surface of DAS-NG including carboxyl group (COO--) at 1,367 cm^−1^, carbonyl group (C = O) at 1,733 cm^−1^ and hydroxyl group (O--H) at 2,800\~3,700 cm^−1^ in repeated measurements (n = 3) that were absent on CVD graphene ([Fig. 1k](#f1){ref-type="fig"}). Considering the high affinity of O atoms to C atoms[@b26], we inferred that the O atoms in the resulting DAS-NG layers have diffused from the interior of the as-deposited Ni films during the DAS process. On the basis of structural and optical characterizations, we concluded that the DAS-NG layers possess more favorable microenvironment for hPSC adhesion including 3D topography and hydrophilicity than conventional CVD graphene layers.

Establishment of feeder- and xeno-free culture system for hPSC on DAS-NG
------------------------------------------------------------------------

To examine the biocompatibility of DAS-NG as a feeder-free culture platform for human pluripotent stem cells (hPSC), we seeded human induced pluripotent stem cells (hiPSC) generated from our previous report[@b27] and H9 human embryonic stem cells (hESC) on DAS-NG or CVD graphene-coated substrates without ECM coating in chemically defined xeno-free culture medium supplemented with Knockout serum replacement xeno-free, FGF2, Activin A and TGF-β1. hiPSC showed attachment on all DAS-NG layers within 24 hours without ECM coating ([Fig. 2a](#f2){ref-type="fig"} and [Fig. S2a,b](#S1){ref-type="supplementary-material"}), while CVD graphene exhibited poor focal adhesion ([Fig. 2b](#f2){ref-type="fig"}). At day 3, hiPSC colonies grown on DAS-NG showed the typical undifferentiated hPSC morphology with a high nuclear to cytoplasm ratio ([Fig. 2c](#f2){ref-type="fig"} and [Fig. S2c,d](#S1){ref-type="supplementary-material"}) similar to those cultured on MEF ([Fig. S2e--g](#S1){ref-type="supplementary-material"}). In contrast, hiPSC cultured on CVD graphene underwent spontaneous differentiation ([Fig. 2d](#f2){ref-type="fig"}). The focal adhesion of hiPSC on DAS-NG layer was examined by scanning electron microscopy (SEM). hiPSC exhibited tight adhesion, which is comparable to the attachment of hiPSC cultured on MEF ([Fig. 2e--g](#f2){ref-type="fig"}). We next examined whether the undifferentiated state of hiPSC can be stably maintained for the long-term period (2 weeks) on DAS-NG. hiPSC colonies were expanded into large colonies with typical hPSC morphology on all DAS-NG coated substrates after 2 weeks of cultivation ([Fig. 2h](#f2){ref-type="fig"} and [Fig. S3a,b](#S1){ref-type="supplementary-material"}). However, hiPSC co**-**cultured with MEF on GL, ITO and QU substrates were partially differentiated ([Fig. 2i](#f2){ref-type="fig"} and [Fig. S3c,d](#S1){ref-type="supplementary-material"}), and hiPSC cultured on all bare substrates without DAS-NG coating underwent spontaneous differentiation ([Fig. 2j](#f2){ref-type="fig"} and [Fig. S3e,f](#S1){ref-type="supplementary-material"}). Colony sizes of hiPSC and hESC were measured to analyze the proliferation capacity. The colony sizes were ranged from 3.94 ± 0.11 to 5.45 ± 0.1 mm in diameter on DAS-NG similar to hESC cultured on MEF ([Table S1](#S1){ref-type="supplementary-material"}). Importantly, hiPSC could maintain the undifferentiated morphology over multiple passages (\>10 passages) after the long-term cultivation ([Fig. S3g--l](#S1){ref-type="supplementary-material"}) and multiple freeze-thaw cycles (data not shown). The growth rate of hiPSC cultured on DAS-NG was evaluated every 3 days for 15 days, and we calculated the mean doubling time (mDT) from the growth curve. The mDT of hiPSC cultured on DAS-NG was measured as 36.72 hours and it was comparable with those cultured on MEF (mDT = 35.04 hrs) or Matrigel (mDT = 38.88 hrs) ([Fig. 2k](#f2){ref-type="fig"}). To quantify the number of undifferentiated hiPSC on DAS-NG throughout the passages, we counted OCT4^+^ cells in each colony at passage 1, 5 and 9 ([Fig. S3m](#S1){ref-type="supplementary-material"}). The percentage of OCT4^+^ cells on DAS-NG was similar to those cultured on MEF ([Fig. 2l](#f2){ref-type="fig"}). Taken together, the similarity in colony morphology, percentage of OCT4^+^ cells and mDT of hiPSC cultured on DAS-NG in comparison to those cultured on MEF showed that DAS-NG enables the long-term cultivation of hPSC as a feeder-free culture substrates.

Maintenance of hPSC pluripotency on DAS-NG
------------------------------------------

We examined cellular and molecular properties of hiPSC cultured on DAS-NG after 2 weeks of cultivation. Remarkably, hPSC retained expression of the pluripotency markers (OCT4, SSEA-4, TRA-1-60 and TRA-1-81) on DAS-NG ([Fig. 3a](#f3){ref-type="fig"}). We further characterized *in vitro* and *in vivo* pluripotency of hPSC cultured on DAS-NG. hiPSC cultured on all three DAS-NG coated substrates (hiPSC-DAS/GL, hiPSC-DAS/ITO and hiPSC-DAS/QU) could maintain the expression of the pluripotency marker genes including *OCT4, NANOG, SOX2* and *LIN28* in a similar level to hiPSC cultured on MEF (hiPSC-MEF), while hiPSC cultured on bare glass (hiPSC-GL) exhibited down-regulation of these genes ([Fig. S4a](#S1){ref-type="supplementary-material"}). To analyze the molecular characteristics of hiPSC-DAS/GL, we compared the global gene expression patterns between hiPSC-DAS/GL, hESC-MEF, hiPSC-MEF and hiPSC-GL. Pairwise scatter plots showed a high similarity of global gene expression pattern between hiPSC-DAS/GL and hiPSC-MEF ([Fig. 3b](#f3){ref-type="fig"}), which is in the similar range of hiPSC-MEF and hESC-MEF ([Fig. 3c](#f3){ref-type="fig"}). In contrast, hiPSC-GL showed a low similarity with hiPSC-MEF or hiPSC-DAS/GL ([Fig. 3d,e](#f3){ref-type="fig"}). Consistent with the pairwise scatter plot results, the hierarchical clustering analysis also showed tight clustering of hiPSC-DAS/GL with the wild-type hPSC (hiPSC-MEF and hESC-MEF) which was distinct from hiPSC-GL ([Fig. 3f](#f3){ref-type="fig"}). Moreover, we generated a heat map with 22 pluripotent stem cell-enriched genes and 19 somatic cell-enriched genes ([Fig. S4b](#S1){ref-type="supplementary-material"}). Wild-type hPSC and hiPSC-DAS/GL shared high expression in pluripotent stem cell-enriched genes and low expression in somatic cell-enriched genes, which is distinct from the expression pattern of hiPSC-GL. Next, we evaluated the differentiation potential of hiPSC-DAS/GL and hESC-DAS/GL into all three germ layers *in vitro* by hanging drop method. After 2 weeks of *in vitro* differentiation, we confirmed the expression of all three germ layer markers, TUJ1 (ectoderm), AFP (endoderm) and α-SMA (mesoderm) by immunostaining ([Fig. 3g](#f3){ref-type="fig"}). Also, the differentiation potential of hiPSC-DAS/GL *in vivo* was evaluated via teratoma formation assay. hiPSC-DAS/GL or hiPSC-MEF were injected subcutaneously into severe combined immunodeficient (SCID) mice to investigate the differentiation potential *in vivo*. After 6 weeks of injection, we observed formation of teratomas that contain tissue structures of neural rosette (ectoderm), respiratory epithelium (endoderm) and muscle (mesoderm) representing all three germ layers in hiPSC-DAS/GL injected mice as in hiPSC-MEF injected mice ([Fig. 3h](#f3){ref-type="fig"}). These results clearly show that pluripotency of hPSC can be stably maintained in feeder-free culture condition using DAS-NG.

Expression of hPSC-enriched focal adhesion gene on DAS-NG
---------------------------------------------------------

We investigated how DAS-NG can support the maintenance of pluripotency by analyzing the cell adhesion-related gene expression since cell adhesion molecules such as integrin families play important role in regulation of hPSC focal adhesion and self-renewal[@b14][@b28]. We analyzed the expression profile of total 254 genes involved in the cell adhesion including 92 cell-matrix adhesion genes (GO:0007160) and 162 cell-cell adhesion genes (GO:0098609) by microarray analysis. We compared the cell adhesion-related gene expression patterns in hiPSC cultured on DAS-NG to those cultured on MEF and spontaneously differentiated hiPSC cultured on bare GL. The heat map highlighted clusters of the genes that showed very similar patterns among hiPSC-DAS/GL and wild-type hPSC, but distinct from hiPSC-GL ([Fig. 4a](#f4){ref-type="fig"}). Also, the clusters of genes that showed high expression only in the spontaneously differentiated hiPSC-GL were observed ([Fig. 4a](#f4){ref-type="fig"}). The cell type specific expression of the cell adhesion-related genes in our list was identified from analyzing the previously reported GEO database (GSE23034)[@b29]. From the 254 genes, we selected 19 hPSC-enriched cell adhesion genes that are highly expressed in hiPSC-DAS/GL and wild type hPSC ([Fig. 4b](#f4){ref-type="fig"} and [Table S2](#S1){ref-type="supplementary-material"}), which is distinct from hiPSC-GL (*P*-value \< 0.05), and also 44 somatic-enriched cell adhesion genes highly expressed only in differentiated hiPSC-GL (*P*-value \< 0.05) ([Fig. 4c](#f4){ref-type="fig"} and [Table S3](#S1){ref-type="supplementary-material"})[@b29]. Interestingly, from the 19 selected gene, integrin α~6~ and β~1~, which is known to have an important role in cell adhesion of hPSC to laminin and the regulation of hESC self-renewal[@b30][@b31] showed a similar expression level in hiPSC-DAS/GL with hPSC-MEF ([Fig. 4b](#f4){ref-type="fig"} and [Table S2](#S1){ref-type="supplementary-material"}). We also measured and compared mRNA expression level of hPSC-enriched cell adhesion genes reported in other studies[@b32][@b33] by qRT-PCR analysis. We identified hPSC-enriched cell adhesion genes, *MEGF10* and *PCDH11X*[@b29][@b32][@b33] were highly expressed in hiPSC cultured on all DAS-NG coated substrates ([Fig. 4d,e](#f4){ref-type="fig"}). Meanwhile, the expression level of somatic-enriched cell adhesion genes, *COL1A2* and *HAPLN2*[@b29][@b34] were up-regulated in hiPSC-GL while down-regulated in hiPSC grown on all DAS-NG coated substrates ([Fig. 4f,g](#f4){ref-type="fig"}). Hence, these results show that DAS-NG provides suitable surface topography to maintain expression of hPSC-enriched cell adhesion genes and it may contribute to maintenance of hiPSC in an undifferentiated state.

Discussion
==========

Here we developed a new feeder-free culture platform for hPSC cultivation by employing synthetic DAS-NG in combination with chemically defined xeno-free culture medium without biological ECM coating. DAS-NG successfully supported the focal adhesion and the long-term cultivation of hPSC in an undifferentiated state. In comparison to the conventional feeder-dependent culture method, DAS-NG showed superior in maintenance of the typical undifferentiated hPSC morphology for long-term culture. Moreover, the growth rate and mean doubling time of hiPSC cultured on DAS-NG were comparable with those cultured on MEF or Matrigel ([Fig. 2k](#f2){ref-type="fig"}), which indicate that DAS-NG can maintain consistent metabolic rate of hiPSC.

hiPSC cultured on DAS-NG showed similar expression pattern of cell adhesion-related genes with those cultured on MEF. Especially, the expression of integrin α6 and β1, which are known to facilitate the adhesion of hPSC to laminin, thereby supporting maintenance of pluripotency[@b30][@b35], was high ([Fig. 4b](#f4){ref-type="fig"}). Thus, we suppose that DAS-NG possesses the physiochemical features comparable with laminin for the adhesion of hPSC.

Synthemax is one of the synthetic materials for hPSC culture in feeder-free conditon[@b36], however, the cost for production is expensive[@b3][@b16] and the synthetic peptides on Synthemax can be degraded by metallopeptidase that is secreted from the cultured cells[@b3][@b16][@b37]. In contrast, synthesis of graphene is cost-effective and simple[@b25][@b38] which enables the large-scale production of graphene layers for hPSC culture. Also, the surface properties of graphene are persisted during the long-term hPSC culture due to the non-biodegradability[@b39] which can allow low variation to maintain the pluripotency as a reliable condition. In addition, graphene has unique chemical and physical properties that regulate the differentiation of hPSC[@b39]. For instance, graphene surface is modifiable by proteins that are used to differentiate hPSC such as BMP-2 or heparin due to noncovalent interactions[@b39][@b40][@b41][@b42][@b43]. Moreover, graphene is an electrical conductor[@b39] that can be used to measure the cellular electrical activities[@b22][@b44] or to give electrical stimulation to the hPSC which can enhance the differentiation of hPSC to neurons or cardiomyocytes[@b45][@b46][@b47].

Several studies have reported that the nanoroughness and hydrophilicity of graphene are correlated with the hPSC focal adhesion which is associated with pluripotency[@b48][@b49][@b50]. We found that graphene ridges enhanced the nanoroughness ([Fig. 1d](#f1){ref-type="fig"}), and the naturally obtained oxygen containing functional groups increased hydrophilicity of DAS-NG during graphene diffusion process ([Fig. 1k](#f1){ref-type="fig"}). Meanwhile, graphene oxide (GO) is also hydrophilic[@b43], nanoroughness is lower than DAS-NG[@b50]. The topology of DAS-NG may contribute to maintain pluripotency of hPSC while GO promotes the differentiation toward the ectoderm lineage[@b43]. However, how the topological difference of graphene regulates pluripotency remains to be elucidated.

Previous studies demonstrated CVD graphene requires biological ECM coating to allow focal adhesion of hPSC[@b19][@b23]. In particular, Lee *et al.* reported hESC cultured on uncoated CVD graphene were not maintained within two days of culture[@b19]. In contrast, DAS-NG was sufficient to support the adhesion and long-term culture of hPSC without ECM coating ([Fig. 2a,h](#f2){ref-type="fig"}).

In summary, DAS-NG as feeder-free culture substrate for hPSC is a synthetic material freed from pathogen contamination that has biocompatibilities including nanoroughness, hydrophilicity and oxygen containing functional groups, and is simple and cost-effective in manufacturing process[@b3][@b25], thereby allowing large-scale culture of hPSC in clinical grade.

Methods
=======

Preparation of DAS-NG coated culture templates
----------------------------------------------

For DAS-NG preparation, 50-nm-thick film of polycrystalline Ni (poly-Ni) was deposited via electron-beam evaporation at room temperature on Glass (GL), indium-tin-oxide (ITO) and Quartz (QU) substrates. The Ni surface was coated with the graphite powder (SIGMA), and then the graphite powder was pressed onto the Ni/substrates assembly. At temperatures below 260 ^o^C, C atoms in the samples began to diffuse through the Ni along the GBs. As the diffusing C atoms reached on Ni/substrates interface, they created a thin film of NG at the Ni/substrates interface. Pressure of \~1 MPa was uniformly applied by mechanically clamping the C-Ni/plate diffusion couple using a molybdenum holding stage. The pressure promotes the diffusion of C through the Ni film. Following NG growth, the samples were cleaned via sonication in deionized water, and the Ni films were removed by etching in an aqueous solution of FeCl~3~, leaving behind a NG film on desired substrates.

Preparation of CVD-graphene coated culture templates
----------------------------------------------------

Conventional graphene layers were grown on a 80-nm-thick Pt (111) film on SiO~2~/Si (GMEK Incorporation) using a low-pressure CVD system. After the Pt substrates were loaded into a quartz tube in LP-CVD, the samples were heated to the process temperature of 975 °C and maintained for 10 min under CH~4~/H~2~ gas mixture (5 and 50 sccm, respectively) to form graphene. Following the graphene growth, the quartz tube was cooled down to room temperature. Poly methyl methacrylate (PMMA) was used to transfer graphene onto the transparent (GL, ITO, QU) substrates. A layer of PMMA was spin-coated onto the graphene/Pt films to act as a supporting layer. A thermal-assisted transfer method was then used to separate between PMMA/graphene and the Pt film, after which the PMMA/graphene stack was transferred to the transparent substrates[@b51]. Finally, the PMMA was removed using acetone, leaving behind the graphene film on the transparent substrates.

DAS/CVD-graphene characterization
---------------------------------

DAS-NG and transferred CVD graphene layers on the transparent substrates were analyzed by AFM (Veeco Multimode V) to observe surface morphology and to measure surface roughness. The AFM was operated using tapping mode to acquire a scan size of 5 × 5 μm^2^. The presence of graphene frameworks were confirmed by Raman spectroscopy. The Raman spectroscopy was carried out on a WiTec alpha 300R M-Raman system with a 532 nm excitation wavelength (2.33 eV). A laser spot had a dimension of \~640 nm for a ×50 objective lens with numerical aperture of 0.5 and the laser power was \~2 mW. To investigate the presence and chemical states of foreign species in the graphene framework, the Fourier transform infrared (FT-IR) spectra of the samples were measured using the Agilent Cary 670-IR, vacuum FT-IR spectrometer over a range from 650 to 4000 cm^−1^. The water drop contact angles were observed by a KRUSS DSA-100 (Germany) drop shape measurement. The optical transmittances of the samples were measured using UV--vis spectroscopy (Varian, Cary 5000 model) between 200 and 800 nm in dual-beam mode.

hPSC cultivation
----------------

The generation and characterization of hiPSC from human neural stem cell (NSC) with *OCT4* and *KLF4* (NSC-2F-iPSC) or only *OCT4* (NSC-1F-iPSC) by our group has been published in elsewhere[@b27]. NSC-2F-iPSC (hiPSC) and H9 human ESC (WiCell) were seeded onto DAS-NG coated substrates (Glass, ITO, and Quartz), or CVD-graphene coated glass, or mitomycin-C treated CF1 mouse feeders. Human pluripotent stem cells were cultured in knockout DMEM (GIBCO) supplemented with 20% KnockOut serum replacement xeno-free (GIBCO), 1 mM L-glutamine, 1% penicillin/streptomycin (GIBCO), 1% MEM-non essential amino acid (GIBCO), 0.1 mM β-mercaptoethanol (Sigma-Aldrich), 5 ng/ml human basic fibroblast growth factor (Peprotech), 100 ng/ml Activin A (Peprotech) and 2 ng/ml TGF-β1 (Peprotech). Only undifferentiated colonies were subcultured by hand-picked mechanical method for \>10 passages and cryopreserved. Cells at 2 weeks of culture were used for characterization.

Growth curve and mean doubling time
-----------------------------------

Cell growth rate and mean doubling time were analyzed every 3 days for 15 days. hiPSC colonies cultured on MEF, DAS-NG or Matrigel (BD Biosciences) were disassociated into single cells using 0.05% trypsin/EDTA, and the cells were manually counted using a hemocytometer (Marienfeld). The average cell numbers at each passage (n = 3) were plotted. The mean doubling times were calculated from the plotted growth curve.

Quantitative real time PCR
--------------------------

DNA-free total RNA was extracted using the RNeasy mini kit (Qiagen). We performed cDNAs synthesis using SuperScript^®^ III reverse transcriptase (Invitrogen) with 500 ng of total RNA per reaction. Synthesized cDNA was purified using PCRquick-spin (iNtRON) columns and purified cDNA (25 ng) was used as a template in the LightCycler 480 SYBR Green I Master (Roche). Experiments were performed in triplicates and were normalized to the housekeeping gene *GAPDH*. Gene expressions were measured by Ct calculating method. The primer sequences for each gene in the present study are listed in [Table S4](#S1){ref-type="supplementary-material"}.

Immunocytochemistry staining
----------------------------

Human pluripotent stem cells were fixed for 10 minutes in 4% paraformaldehyde (PFA) and permeabilized with 0.1% Triton X-100 for 10 minutes. The cells were incubated in 4% FBS blocking solution for 30 minutes and incubated in primary antibodies for 1 hour at room temperature. The primary antibody were specific for OCT3/4 (Santa Cruz, 1:200), SSEA-4 (Millipore, 1:200), TRA-1-60 (Millipore, 1:200), TRA-1-81 (Millipore, 1:200), TUJ1 (Millipore, 1:200), a-Smooth Muscle actin (Abcam, 1:250), AFP (DAKO, 1:200). The secondary antibodies were diluted in PBS and stained for 1 hour at the following concentration: Alexa Fluor 488/568 anti-mouse IgG1, IgG2a, IgG3, IgM, anti-goat IgG, anti-rabbit IgG (Invitrogen, 1:1000). The primary antibodies used in the present study are listed in [Supplementary Table S5](#S1){ref-type="supplementary-material"}. The nuclei were counterstained with DAPI (Invitrogen) and observed under fluorescence microscope. At the end of Passage 1, 5 and 9 the number of OCT4^+^ cells and cell nuclei (DAPI) in each colony cultured on DAS-GL (n = 3) were counted using ImageJ software. The percentage of OCT4^+^ cells in each colony was calculated to quantify the number of hPSC in each passage.

*In vitro* differentiation
--------------------------

Embryonic body (EB) formation was initiated by harvesting cells and transfer to human embryonic stem cell medium without human basic-FGF using the hanging-drop method by placing 20ul drop containing cells on the lid of culture plate. After 1 week of culture the mass of cells was transferred into gelatin-coated plates and cultured until the EBs adhere to plate tightly.

Teratoma formation
------------------

All mice were housed on a 12 hr light/dark cycle with free access to water and food. The experimental procedures were carried out in accordance with the approved guidelines and all protocols were approved by the Animal Care and Use Committee of Ulsan National Institute of Science and Technology (Ulsan, South Korea). hPSCs maintained on DAS-NG or MEF for 14 days (3--5 × 10^6^ cells/mouse) were injected into the subcutaneous of dorsal flank of severe combined immunodeficient (SCID) mice. Teratoma were harvested after 6--8 weeks of injection and fixed in 4% PFA overnight before embedding in paraffin. Paraffin sections were stained with haematoxylin and eosin.

Microarray data processing
--------------------------

The normalization was calculated with the RMA (Robust Multi-array Analysis) algorithm[@b52]. Data post-processing and graphics was performed with in-house developed functions in Matlab. Hierarchical clustering of genes and samples was performed with one minus correlation metric and the unweighted average distance (UPGMA) (also known as group average) linkage method. Total RNA was isolated using RNeasy mini kit (Qiagen) following the manufacturer's instruction. Samples were hybridized to Affymetrix Human genome U133 plus 2.0 chip. The normalization calculated with Robust Multi-array Analysis (RMA) algorithm[@b52].

Statistical analysis
--------------------

All experiments were repeated three times and data were analyzed via student's *t-*tests. The results are expressed as mean values. *P*-value \< 0.05 was considered significant.
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![Structural and optical properties of DAS-NG coated culture substrates.\
(**a**) Schematic diagrams of diffusion assisted synthesis-grown nanocrystalline graphene (DAS-NG) preparation on transparent substrates including GL, ITO, and QU for hPSC cultivation. (GBs, Grain boundaries; Ni, Nickel). (**b**) Optical microscopy images of DAS-NG layers grown at 260 °C on GL, ITO and QU. Graphene layers are indicated with white arrows. (**c**) Transmittances of DAS/GL (black), DAS/ITO (green) and DAS/QU (red). (**d**,**e**) AFM images of (**d**) 3 dimensional DAS-NG layers on GL with high-density multilayer graphene ridges (red arrow) and (**e**) 2 dimensional CVD graphene layers on GL. (**f**) Plot of surface Root-mean-square roughness from AFM images (5 × 5 μm^2^) of GL, CVD/GL and DAS/GL. (**g**) Raman spectra of GL (grey), CVD/GL (blue) and DAS/GL (black). (**h**,**i**) Images of water drop (40 μl on 1.5 × 1.5 cm[@b2]) contact angle on (**h**) DAS/GL and (**i**) CVD/GL. (**j**) Plot of water contact angle measurements on bare GL, CVD/GL and DAS/GL. (**k**) FT-IR spectra of CVD/GL and DAS/GL. Scale bar, 1 μm (**d**,**e**). Data are presented as mean ± s.e.m (n = 3) (**f**,**j**).](srep20708-f1){#f1}

![Feeder-free cultivation of hPSC on DAS-NG.\
(**a**,**b**) Morphology of hiPSC seeded on (**a**) DAS/GL and (**b**) CVD/GL at day 1. (**c**,**d**) High magnification of hiPSC grown on (**c**) DAS/GL and (**d**) CVD/GL at day 3. (**e**--**g**) SEM images of hiPSC cultured on (**e**) MEF, (**f**) DAS/GL at day 3 and (**g**) Zoomed inset shows hiPSC (arrow) attached on graphene ridges (arrow heads) of DAS-NG. (**h**--**j**) Morphology of hiPSC colonies cultured on (**h**) DAS/GL, (**i**) MEF and (**j**) bare GL at 2 weeks. (**k**) The growth rates and mean doubling times (mDT) of hiPSC cultured on MEF, Matrigel or DAS/GL over 15 days. The points refer to the cell number of hiPSC every 3 days. The inset table represents mean doubling time. Data are presented as mean ± s.e.m (n = 3). (**l**) Percentage of OCT4+ hiPSC cultured on MEF or DAS/GL at P1, P5 and P9. Data are presented as mean ± s.e.m (n = 3). Scale bar, 200 μm (**a**--**f**), 1 μm (**g**), 1 mm (**h**--**j**).](srep20708-f2){#f2}

![Characterization of hiPSC cultured on DAS/GL.\
(**a**) Fluorescence images of immunostained hiPSC or hESC with the pluripotency markers (OCT4, SSEA4, TRA-1-60 and TRA-1-81). (**b**--**e**) Pairwise scatter plots comparing global gene expression profile between (**b**) hiPSC-DAS/GL and hiPSC-MEF, (**c**) hiPSC-MEF and hESC-MEF, (**d**) hiPSC-GL and hiPSC-MEF, and (**e**) hiPSC-GL and hiPSC-DAS/GL. Distributions of plutipotency marker genes (*OCT4, SOX2, cMYC, KLF4* and *LIN28*) are indicated in the scatter plots. The black lines indicate the boundaries of two-fold changes in gene expression level. Gene expression levels are shown in log~2~ scale. (**f**) Hierarchical clustering analysis of hiPSC-MEF, hiPSC-DAS/GL, hESC-MEF and hiPSC-GL. (**g**) *In vitro* differentiation analysis of hiPSC-DAS/GL and hESC-DAS/GL stained with three germ layer markers, TUJ1 (ectoderm), AFP (endoderm) and α-SMA (mesoderm) after embryoid body (EB) formation. Cells were counterstained with DAPI. (**h**) Teratoma formation observed at 6 weeks after transplantation of hiPSC-DAS/GL and hiPSC-MEF into SCID mice. Shown is a haematoxylin and eosin stained teratoma sections containing all three germ layers; ectoderm (neural rosette, n), endoderm (respiratory epithelium, e) and mesoderm (cartilage, c; skeletal muscle, m). Scale bar, 150 μm (**a**), 100 μm (**g**,**h**).](srep20708-f3){#f3}

![hPSC cell adhesion gene expression on DAS-NG.\
(**a**--**c**) Heat maps of (**a**) 254 cell adhesion-related genes, (**b**) selected 19 hPSC-enriched cell adhesion genes and (**c**) 44 somatic-enriched cell adhesion genes within the hESC-MEF, hiPSC-MEF, hiPSC-DAS/GL and hiPSC-GL. A color bar (top) indicates the color code gene expression in log~2~ scale. (**d**--**g**) qRT--PCR analysis for hPSC-enriched cell adhesion genes (**d**) *MEGF10* and (**e**) *PCDH11X*, and somatic-enriched cell adhesion genes (**f**) *COL1A2* and (**g**) *HAPLN1* in hiPSC-DAS/GL, hiPSC-DAS/ITO, hiPSC-DAS/QU and hiPSC-GL relative to hiPSC-MEF. Transcript levels are normalized to *GAPDH* and represented in the logarithmic scale. Data are presented as mean ± s.e.m (n = 3) (**d**--**g**).](srep20708-f4){#f4}
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